In many applications, the specular highlight presence is disruptive information. Its removal strongly depends on the effectiveness of its detection. In this paper, we propose a new method for detecting specular highlight. This method is generic and is based on automatic thresholding. The determination of the threshold is done algorithmically. It is based on the exploitation of the L* component of the CIELab colour space and the exponential function. The exponential function creates a gap between the brightest pixels and the other pixels. The experimental results show the effectiveness of our detection method on images of different nature.
Introduction
Specular highlight, perceived as the presence of a strong light in certain regions of an image, is the focus of attention from the scientific community. Several studies are being led to either detect or remove it. Indeed, the presence of specular highlighting can provide useful information [1] . It can also constitute a disruptive source of interpretation of the scene. For areas such as dermatological imaging [2] , endoscopy [3] , [4] , [5] , [6] and metal object monitoring [7] , highlight presence can be the origin of loss of information. Thus, its removal is a very important phase. Generally, there are two ways to remove specular highlight. It can be done either by using several images [8] , [9] , [10] of the same scene or by using a single image. In the first case, it is not always possible to have several images representing the same scene. This is due to the motions in the scene. For example, when capturing images of a foliage or active heart, it is difficult to match two different images of the same scene. Specular highlight removal through a single image seems suitable whatever the field of application. In this case, the most used method is the inpainting method. This method is used to correct highlight areas in image. This method is based on the neighbourhood of the pixels affected by the highlight. Thus, the quality of specular highlight removal results is influenced by the performance of the detection algorithms. In this article, we focus on the problem of specular highlight detection. The next section presents the work related to highlight detection. We limit only to thresholding-based methods. Section 3 describes of our method. Section 4 is dedicated to the presentation of experimental results.
Related Works
In general, specular highlight detection from single image has a classic process. It is done in four steps. The first step is the colour space selection phase. From one method to another, the colour channels used to detect specular highlight vary. The second step is pre-processing stage. Indeed, a pre-processing stage has been used in several cases, either to eliminate the noise, or to solve the problem of overexposure to light (oversaturation) [11] . The third step is the thresholding phase. This is the step that allows to classify the pixels contained in the image into pixels affected by the highlighting or not. Finally, the fourth step is the correction phase (post-processing) of the errors introduced during the third step. Stehle [12] used the luminance channel Y of the YUV colour space for detection. He has selected the Y value corresponding to the last peak of the histogram as the threshold value. Any pixel with a value above the threshold was classified as a highlight pixel. This method has shown good performance in endoscopic images. However, it did not provide good results when the image did not admit a peak at the end of the histogram in the Y channel. Oh et al. [13] exploited the S and V channels of the HSV colour space. A first global thresholding is performed on the V and S channels to determine the first highlight pixels. A spatial segmentation is then applied to partition the source image into several regions to which the detection method is applied. The results are then combined to detect all highlight areas. This method has the same limitations as [12] , i.e. the results are good only when the images have a good resolution, a well equalized histogram and the light problems are strongly attenuated. Torres et al. [14] used a two-dimensional histogram called MS diagram from the HSV space to identify highlight areas. An estimated threshold from this diagram is used to threshold the input image. The histogram equalization is used to keep a constant threshold for each image. This method is fast and accurate but may cause poor detections due to the increase in noise caused by the equalization of the histogram. Arnold et al. [6] exploited a thresholding in the RGB space and a grayscale image. They automatically calculate a threshold from the G and B channels. The first specular candidates are obtained from a first thresholding. A second thresholding is done to retrieve other more uncertain candidates through the use of a median filter. Subsequently, morphological operations are used as a post-treatment step to eliminate areas of constant size. These areas are considered false positives. Their method is fast and provides good results in endoscopic images. The authors considered that the specular areas in the endoscopic images are small. However, it is sensitive to white regions and another limitation is that the method is not effective for images containing large highlight areas. In [11] , the authors have ignored any restriction, they propose a generic method for the detection of the highlight. They have positioned themselves in the HSV colour space in which they exploit the S and V components as [13] . They exploited contrast equalization as a pre-processing step only when the image was overexposed to light. They used two thresholds, a constant Ts threshold for the S channel and an automatically defined Tv threshold for the V channel. The detection of the threshold Tv is based on a linear regression between the overall brightness of the image and an optimal threshold defined manually. The gradient calculation is used as a post-processing step to eliminate false positives. Their method provides good results and it is fast. However, when in the image the intensity difference between the pixels affected by the highlighting is large, some specular areas may not be detected. Recently, the authors in [3] , [4] , [5] exploited an edge detection approach based respectively on the wavelet transform, the gradient and fuzzy inference systems to refine the results of the thresholding step and make more accurate the result of the detection.
Although different colour spaces have been exploited for specular highlight detection, the HSV colour space is the most used. The reasons for choosing this space is that it is closest to the human visual system and two of its channels, namely the S and V channels, can provide information relevant to the specular highlight detection.
Moreover, at the level of the detection phase, two approaches emerge from the state of the art. The first is sequential. At this level, a first detection is carried out for the search of the brightest pixels and a second detection will detect the highlight pixels with less illumination. The second approach consists in exploiting several parallel channels and define a set of thresholds allowing detection in a single phase.
Highlight specular detection
Our approach is to determine the highlight areas based on a threshold. The threshold is determined taking into account that a highlight area consists of two parts. A highlight area comprises a homogeneous area usually located in the central part of that highlight area. This homogeneous region is easy to determine. The other part is a degraded area. It is close to the contours of the highlight area and is difficult to determine. This part is difficult to determine because it is blurred and its contours are almost impossible to determine. The approach also consists in using the L* component of the CIELab space instead of the S and V components of the HSV space which are the most used in the literature.
Choice of component L* of CIELab
In the literature, the S and V components of the HSV space are generally the most used. A pixel is considered highlighted when its value at channel S is below a certain threshold Ts and its value at channel V is above another threshold Tv. Thus, pixels with the smallest values at the S channel and the largest values at the V channel are classified as highlight pixels. Expressions (1) and (2) respectively represent the components S and V of the space HSV.
By combining equations (1) and (2), we obtain equation (3). This is true for any pixel whose (R, G, B) is different from (0,0,0).
For any highlight pixel, S tends to 0 and V tends to 1.
Thus, determining the highlight pixels, based on determining thresholds at the S and V channels of the HSV colour space, is like searching for pixels whose three components R, G and B both have high values. This has been proposed in the literature and challenged by [11] who estimated that all three channels provide the same information at the level of specular highlight detection. Therefore, detection could be done from a single channel. This channel would not necessarily provide good information. We therefore propose in this work to exploit the L* component of the CIELab colour space. Our choice is based on this component because it comes from a space close to the human visual. Another reason for choosing this component is that it is independent of the colorimetric channels of the same space. This component contains only the brightness information. Through its expression defined in equation 5, we notice that it depends only on the Y component which represents the brightness at the CIEXYZ space. 
Threshold determination
For threshold determination, we assume that the highlight areas have two parts. The first part is homogeneous and is generally located in the central part of the highlight area. The second part is the degraded area located near the edges of the highlight areas. Thus, our method is similar to sequential approaches. These approaches consist of first detecting the most illuminated pixels and then detecting the undetected highlight pixels in the first phase. However, in our approach, the first detection and recovery phase of initially undetected highlight pixels are contained in the threshold determination. In the rest of this section, we will describe the different steps in determining the threshold. The first step is to increase the gap between the intensities of the brightest pixels and the other pixels. To do this, we apply the exponential function to the L* component. The reason for choosing this function is that the higher the numbers, the greater the difference between the exponentials of two consecutive numbers. Thus, after the application of the exponential function, the brightest highlight pixels will have values that will tend to the maximum value. The other pixels will have their values which will tend to zero. A gap is therefore created between the brightest pixels and the other pixels. To see the impact of the exponential function on the detection of the first highlight pixels, multiply the result by a normalization coefficient. Equations 6 and 7 represent the normalized exponential function and the expression of the normalization coefficient, respectively.
The normalization coefficient is obtained by the inverse of the maximum exponential value taken among all the exponentials of L of the pixels contained in the image I. For any pixel X at position (i, j) and luminance L, we have:
An overview of the first results is presented in Figure 2b . We note that in this figure, not all highlight areas are detected. In addition, parts of the highlight areas close to the contours are not detected. Thus, we proceed to the second step to recover the undetected pixels. This step has three phases. First phase is the determination of negative of the resulting image after applying equation 6. The expression of the negative is defined in equation 8. Pixels detected as highlight have high values that will tend toward 1 and others will have values that will tend toward 0. Thus, the negative allows to invert the values. So, we have pixels that are detected as highlight with almost zero values and other pixels with values that tend towards 1. This phase allows the second phase to be completed.
The second step consists in obtaining a new image in which the pixels detected as highlight have the smallest values. This allows to search any pixels that could not be detected during the first detection. The new image is obtained from equation 9. This is the resultant of the L* component of the initial image and the negative of the image obtained in equation 8.
The third step is the recovery phase of the undetected highlight pixels. This consists of resuming the normalized exponential process. The input image at this step is the resultant of the product performed in equation 9. Figure 2c shows the result of the second detection. Once this step is completed, we determine the negative of the image obtained and we multiply it with the image obtained after the first multiplication.
In the output image, the pixel values detected as highlights at the first and second detection tend toward 0. From this image, we reach the third or last step. This step is the thresholding step. Threshold T is defined as the maximum value of the final image luminance. If the initial image luminance is above the threshold then the pixel is highlighted. Otherwise, the pixel is not highlighted. This is expressed through equation 10. Figure 3 shows the entire threshold determination process.
Experimental results

Evaluation protocol
To evaluate the performance of our specular highlight detection method, we perform our tests on a set of images of different natures. In fact, our method is generic. We have taken into account the fields of application and the nature of the light source when selecting our images. We present the results of computer-generated images, images acquired in artificial and natural illumination. The lack of ground truth images makes it difficult to evaluate the results. Also, all attempts to provide ground truth images are done manually, which makes the evaluation criterion subjective and dependent on the one who designs them. In addition, the blur observed when approaching the edges of the highlight areas makes their contours almost indistinguishable. Thus, the determination of metrics for the quantitative evaluation of our method becomes difficult. We will therefore only carry out a qualitative evaluation. 
Qualitative evaluation
We compare our method with Morgand et al. method's [11] . Indeed, the method proposed by [11] is in the same field as our method. Like us, they proposed a generic method. Also they compared their method with Arnold et al. method's [6] which provided good results in the state of art. Figure 4 presents the results provided by [11] in the second column and ours in the third column. We note that our method provides good results than those of [11] . We present in figure 5 the result of detected areas superposition on the original images. The aim is to show the detection accuracy of our method. 
Conclusion and Future Work
In our work, we proposed a new method for specular highlight detection. Our method is based on automatic thresholding. The threshold is defined algorithmically. The determination of the threshold is based on the exploitation of the exponential function. The role of exponential function is to create a gap between highlight pixels and the other pixels. We also justify the choice to use the L* component of the CIELab colour space compared to the S and V components of the HSV colour space. The L* component contains only the brightness information. Its highest values correspond to those of the highlight pixels. Our method provides good results but it can be improved. For the rest of our work, we intend to exploit both the L* component of the CIELab space and the S component of the HSV space. These channels are independents and provide different information relevant for specular highlight detection. We will refine our results by applying a post-treatment step. This step will distinguish white pixels from highlight pixels. White areas are homogeneous areas, while highlight areas have both homogeneous and degraded areas. These different characteristics will be used to determine the discriminating element.
